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Direct quantitative correlations between the orbital order and orthorhombicity is achieved in a
number of Fe-based superconductors of 122 family. The former (orbital order) is calculated from
first principles simulations using experimentally determined doping and temperature dependent
structural parameters while the latter (the orthorhombicity) is taken from already established ex-
perimental studies; when normalized, both the above quantities quantitatively corresponds to each
other in terms of their doping as well as temperature variations. This proves that the structural tran-
sition in Fe-based materials is electronic in nature due to orbital ordering. An universal correlations
among various structural parameters and electronic structure are also obtained. Most remarkable
among them is the mapping of two Fe-Fe distances in the low temperature orthorhombic phase,
with the band energies Edxz , Edyz of Fe at the high symmetry points of the Brillouin zone. The
fractional co-ordinate zAs of As which essentially determines anion height is inversely (directly)
proportional to Fe-As bond distances (with exceptions of K doped BaFe2As2) for hole (electron)
doped materials as a function of doping. On the other hand, Fe-As bond-distance is found to be
inversely (directly) proportional to the density of states at the Fermi level for hole (electron) doped
systems. Implications of these results to current issues of Fe based superconductivity are discussed.
I. INTRODUCTION
The discovery of the iron-based superconductors mod-
ified the notion of uniqueness of high temperature su-
perconductivity in cuprates and is interesting even af-
ter eight years of its discovery not only because they
have the ability to exhibit superconductivity at very high
transition temperatures, but also because it provides a
rich prototype interplay of various degrees freedom ; the
lattice and the electronic charge, spin, and orbital de-
grees of freedom all have intriguing roles. The 122 family
of Fe based superconductors are metals but with multi-
band and multi-orbitals at all doping ranges in their re-
spective phase diagram, this should be contrasted with
the case of high temperature copper-oxide superconduc-
tors which are Mott-insulators when undoped. The un-
doped and doped Fe-based superconductors undergo a
structural transition from a high-temperature tetragonal
phase to a low-temperature orthorhombic phase which
may coincide with the magnetic transition or the struc-
tural transition precedes the magnetic transition. These
compounds below the magnetic transition are believed
to be antiferromagnetic like spin density wave (SDW)
metal. These transitions are suppressed with electron or
hole doping (or pressure ) and superconductivity (SC)
eventually appears beyond a certain doping concentra-
tion with high critical transition temperature along with
coexistence between both SDW and SC in certain cases.
Presumably, this lead to a number of initial investigations
mainly focused on the interplay and competition between
a stripe-like antiferromagnetism (where the magnetic or-
dering wave-vector is (pi, 0) or (0, pi) in the 1Fe/cell no-
tation) and superconductivity. It is popularly believed
that an anti-s wave (s±) nodal superconducting pairing
symmetry [1–3] is mediated through the fluctuations as-
sociated with the stripe SDW state. This cannot however
be valid with certainties to many of the Fe- based super-
conducting families [4].
A number of studies on “nematicity” or strongly
anisotropic in-plane transport properties like resistivity
etc. which is also viewed as “preferential transport”
in the 122 systems [5] in the orthorhombic phase or in
tetragonal phase in presence strain field, created a lot of
attention leading to a new phase called ‘nematic phase’
in the phase diagram of these materials. A nematic phase
of matter is one in which the order parameter for a tran-
sition breaks rotational symmetry but time-reversal sym-
metry is preserved similar to the order parameter in the
nematic phase of liquid crystals. By analogy, the or-
thorhombic state in FeSCs has been called a nematic
state. Such phases were well studied in classical soft mat-
ter systems [6], but not in their quantum counterparts
in electronic systems. However, strongly correlated elec-
tron systems such as quantum Hall systems, cuprates,
bilayer ruthenates [7] widely postulated their existence.
In a crystalline lattice, a nematic phase corresponds to
the breaking of discrete rotational symmetry, and in the
context of the Fe based SC, this order parameter is non-
zero in the orthorhombic phase where the C4 symmetry
is broken at the structural transition, TS . As mentioned
earlier, in certain systems, the structural and the mag-
netic transition are identical (TS=TN ), and since the
magnetic order (stripe SDW) by itself breaks C4 symme-
try, the primary order parameter for nematicity appears
to be magnetic one.
In the nematic phase actually all the three param-
eters (a) structural distortion (phonon driven), (b)
charge/orbital order (ndxz , ndyz being different), (c) spin
order (static spin susceptibility along qx and qy being
different) are non-zero [8], no mater what drives the ne-
matic instability. A bilinear combinations of these order
2parameters (a, b, c) that break tetragonal symmetry are
invariant under symmetry transformations and forms es-
sential part of Landau Free energy. As a result, from
principle of minimization one order parameter induces
the other. And that is precisely the experimental chal-
lenge as how to determine the primary order parameter
responsible for nematic transition. Consequently, the is-
sue of nematicity is more crucially posed for those sys-
tems where the structural transition precedes the mag-
netic one (TS TN ), leaving a finite temperature interval
where C4 symmetry is broken but the material remains
paramagnetic [9–12]. The most notable example being
FeSe where only a structural transition [13, 14] is de-
tected (the difference between the Ts and TN being the
largest) and the system remains paramagnetic till its SC
phase [15, 16], indicating that nematic degrees of free-
dom are not necessarily magnetic ones but probably or-
bital one. The microscopic origin of the nematic order
is debatable with a few competitive probable scenarios
[17]. One scenario is that the structural transition is
an anharmonic lattice potential driven instability, so the
lattice orthorhombicity would be the primary order pa-
rameter. A second scenario is that the C4 symmetry is
broken primarily by electronic interactions so that lat-
tice degrees of freedom are secondary order parameters
that passively follow the symmetry breaking induced by
the electronic interactions hence the primary order pa-
rameter is electronic in origin. One such scenario is the
spin-nematic transition whereby the spins of the two Fe
sublattices phase-lock, this breaks C4 symmetry, without
developing any spontaneous magnetization, i.e., without
breaking time reversal symmetry [18–28]. Another pos-
sible candidate in this scenario is ferro-orbital ordering
[28–33], where below nematic transition either the oc-
cupations or the hopping matrix elements (or both) of
the dxz and the dyz orbitals of Fe become inequivalent.
Apart from the above two electronic scenarios, other pos-
sibilities include a d-wave Pomeranchuk instability [34],
in which the Fermi surfaces undergo symmetry-breaking
distortions due to interaction effects.
From above discussions it turns out that the primary
step would be to show beyond doubt as to whether
the structural transition is electronic in origin or lattice
driven. This is the main purpose of the present work. In
this work we consider several Fe-based superconducting
materials from 122 family to show a direct quantitative
correlations between the orbital order and orthorhom-
bicity. The orbital order is calculated from electronic
band structures through first principles simulations us-
ing doping and temperature dependent experimentally
determined structural parameters. The orthorhombicity
parameter is taken from already established experimen-
tal studies (refs [9, 37, 49, 50]) as a function or various
doping concentrations. When such variations are nor-
malized, be it thermal variation or doping dependent,
both the above quantities (orbital order and orthorhom-
bicity) quantitatively corresponds to each other in terms
of their doping as well as temperature variations. This
is shown universally for hole doped, electron doped and
iso-electronic substituted materials. The orbital order
being (the difference in band energies Edxz , Edyz at high
symmetry k-points) derived from electronic band struc-
ture, its complete matching with orthorhombicity proves
that the structural transition in Fe-based materials is
electronic in nature. This is thus a direct proof that
orthorhombic distortion is not due to lattice but an elec-
tronic one. A first step to reject one of the order pa-
rameters that may lead to nematicity. That leaves or-
bital fluctuation or spin order as primary order for ne-
matic phase. An universal correlations among various
structural parameters and electronic structure are also
obtained. Most remarkable among them is the mapping
of two Fe-Fe distances in the low temperature orthorhom-
bic phase, with the band energies Edxz , Edyz of Fe at the
high symmetry points of the Brillouin zone. This corre-
spondence of band energies with two Fe-Fe distances is
true for its variation either with doping or temperature
and is shown for a several undoped and doped 122 mate-
rials. Furthermore, the fractional co-ordinate zAs of As
which essentially determines the anion height is inversely
(directly) proportional to Fe-As bond distances (with ex-
ception to K doped BaFe2As2) for hole (electron) doped
materials as a function of doping. On the other hand,
Fe-As bond-distance is found to be inversely (directly)
proportional to the density of states at the Fermi level for
hole (electron) doped systems. Chemical effect in terms
of size of doping elements and nature of substitution, in-
plane or out of plane is employed to understand various
doping dependent electronic structures. Thus as a whole
this work is a complimentary theoretical studies to the
explanations of experimental findings [9, 37, 48–50]. Fur-
thermore, indeed spin origin is also very important and
we have seen various spin structures of Fe clearly influ-
ence zAs and the orbital order [51]. Such calculation will
be published shortly.
II. THEORY AND COMPUTATIONAL
METHOD
Our first principles electronic structure calculations
are performed by implementing ultrasoft pseudopoten-
tial with plane wave basis set based on density func-
tional theory [35]. Electronic exchange correlation is
treated within the generalised gradient approximation
(GGA) using Perdew-Burke-Ernzerhof (PBE) functional
[36]. It should be mentioned here that the density fun-
tional theory within local density approximation (LDA)
as well as generalized gradient approximation (GGA) was
unable to optimize the experimental value of zAs (frac-
tional co-ordinate of As) with desired accuracy [37–43].
Experimentally, in all iron chalcogenides/pnictides (also
in phosphides) the chalcogen/pnictogen tetrahedron is
found very close to regular tetrahedron. First principles
density functional theory using LDA and GGA result in
z-direction compressed tetrahedron by 0.1 to 0.15A˚ dif-
3ference. This is a structural mystery in the field of Fe-
based superconducting materials that remains unsolved
even eight years after its discovery. The origin of this dis-
crepancy is ascribed to the presence of strong magnetic
fluctuation, associated with Fe atoms in these materials
[44]. Quantitatively, such underestimation of zAs leads to
mutual shifts in the Fe-3d bands upto 0.25 eV or slightly
more which causes completely different behaviours in the
structural parameters and huge difference in the FS from
experimental situation [45]. In this respect, considera-
tion of LDA and GGA exchange correlation functional do
not make any difference. To overcome such a situation,
we resort to experimentally determined lattice parame-
ters i.e., a, b, c and zAs as a funtion of doping as well
as temperature, instead of geometry optimized (total en-
ergy minimization) lattice parameters as inputs of our
first principles electronic structure calculations. This is
the best available solution at the moment because even fi-
nite temperature molecular dynamic simulation together
with density functional study has failed this aspect and
can not subtly obtain tetragonal to orthorhombic transi-
tion.
We use experimental orthorhombic (low temperature)
as well as tetragonal (high temperature) lattice param-
eters a, b, c and zAs as input of our ab-initio electronic
structure calculations. In order to dope the system the-
oretically, we use Virtual crystal approximation (VCA)
[46, 47] as well as supercell approach (specially for Ru
doping at Fe site). Non-spin-polarized and spin polarised
single point energy calculations are carried out for tetrag-
onal phase with space group symmetry I4/mmm (No.
139) and orthorhombic phase with space group symme-
try Fmmm (No. 69) respectively using ultrasoft pseudo-
potentials and plane-wave basis set with energy cut off
600 eV and higher as well as self-consistent field (SCF)
tolerance as 10−7 eV/atom. Brillouin zone is sampled in
the k space within MonkhorstPack scheme and grid size
for SCF calculation is chosen as per requirement of the
calculation for different systems.
III. RESULTS AND DISCUSSIONS
First we calculate the band structures of various doped
BaFe2As2 (Ba122) compounds as a function of doping
concentrations using experimental lattice parameters (a,
b, c and zAs) in the orthorhombic as well as tetrago-
nal phases. We present the band structures around high
symmetry k points (Γ, X and Y) of K and Na doped
(i.e, hole doped) Ba122 systems in fig.1 and fig.2 respec-
tively for various doping concentrations as indicated in
figures. Different colours are used to designate various
orbital projected bands near the Fermi level (FL). It is
an well established fact that the electronic structure near
the FL of these Fe-based SCs are mainly dominated by
Fe-d orbitals. It is quite evident from the two figures
(fig.1 and fig.2) that as a consequence of hole doping,
hole like bands around Γ points (mainly dxz and dyz
FIG. 1: (Colour online) Calculated band structures of
Ba1−xKxFe2As2 system within VCA method in the low tem-
perature orthorhombic phase around Γ (1st row), X (2nd row)
and Y (3rd row) points for (a, b, c) x = 0.1 (d, e, f) x = 0.2
and (g, h, i) x = 0.3 respectively. Fermi level is denoted by
horizontal black line at zero energy. Orbital orders around all
these high symmetry points are calculated.
bands near FL) expands as well as move away from the
FL with increasing hole doping concentration. On the
other hand, electron like bands (mainly dxy bands near
FL) become flat around X, Y points as well as moves
towards the FL. This whole scenario is consistent with
the hole doping picture where hole like Fermi surfaces
expand and electron like Fermi surfaces shrink with in-
creasing doping concentration. Figs 2, 1 are ideal picture
of inter band nesting whereas clear degradation of intra
band nesting with doping. We also depict the calculated
band structures around high symmetry points (Γ, X and
Y) of P doped (iso-electronic) Ba122 system in the or-
thorhombic and tetragonal phases in Fig.3 for various
doping concentrations. Fig.3 reveals that modifications
in the position of the bands near FL due to P doping at
As sites in Ba122 system is comparatively weaker than
hole doped 122 materials. However there is some visible
moderation in the dxy band near FL around Γ point with
the variation of P doping concentration – exactly oppo-
site behaviour with doping compared to the hole doped
materials show in the top rows of figures 1, 2. This indi-
cates effectively electron doping. Iso-electronic P doping
at As site is like in-plane substitution (substitution in the
Fe-As layer) contrasting with K or Na substitution at Ba
site which is out of plane substitution (in between two
Fe-As layer). Therefore, P doping at As site affects the
dxy bands more drastically than the other bands (mainly
dyz and dxz bands) near FL. As a result dxy band (being
planer in nature) gets modified remarkably with increas-
4FIG. 2: (Colour online) Calculated band structures of
Ba1−xNaxFe2As2 system within VCA method in the low tem-
perature orhorhombic phase around Γ (1st row), X (2nd row)
and Y (3rd row) points for (a, b, c) x = 0.15 (d, e, f) x = 0.2
and (g, h, i) x = 0.3 respectively. Fermi level is denoted by
horizontal black line at zero energy. Orbital orders around all
these high symmetry points are calculated.
ing doping concentration. As a side remark we would like
to mention that in Fig. 3 (g) corresponding to x= 0.375
of P doping at the As site leads to a Lifshitz transition
as the planer dxy band about to cross the FL. Clearly,
with doping the dxy band intersects the FL (the black
solid line at zero) at two closer and closer k-points, lead-
ing to the difference between the two k points δk → 0,
which corresponds to vanishing of the inner FS, carrying
the vital signature of Lifshitz transition. This subject is
not in the purview of the present paper and interested
readers may follow a detailed manifestations in ref. [53].
However, in case of K and Na doping at Ba site (hole dop-
ing) which is by nature an out of plane substitution, the
planer dxy band near FL is comparatively less affected
but there are notable moderations in the dyz as well as
dxz bands near FL due to hole doping. From figs.1, 2,
3, we calculate the band energies of dxz and dyz bands
around all high symmetry k points: X, Y, Γ for K, Na
and P doped Ba122 systems. In fig.4, sum of the band
energies i.e., Edxz and Edyz around X, Y, Γ points as a
function of doping concentration for various doped Ba122
systems are presented. It has been explicitly shown that
these band energies (Edxz and Edyz) follow the same be-
haviour as that of the two Fe-Fe bond lengths (in the
orthorhombic phase of these Ba122 systems, there are
two different Fe-Fe bond lengths indicating stripe SDW
order) as a function of doping concentration for K, Na as
well as P doped Ba122 systems. In fig.4 (1st column),
we also display the experimental values of Fe-Fe bond
FIG. 3: (Colour online) Calculated band structures of
BaFe2(As1−xPx)2 system within VCA method in the low tem-
perature orthorhombic phase around Γ (1st row), X (2nd
row) and Y (3rd row) points for (a, b, c) x = 0.115 (d, e,
f) x = 0.205 and (g, h, i) x = 0.375 respectively. Fermi level
is denoted by horizontal black line at zero energy. Orbital
orders around all these high symmetry points are calculated.
lengths as a function of doping concentration for vari-
ous doped Ba122 systems taken from references [48–50].
We also estimate the differences of those band energies
around Γ, X, Y points which is defined as orbital order
(orbital order =
∑
i E
i
dxz
-Eidyz , where i = Γ, X, Y ) for
a number of 122 systems for each doping concentration
(see fig.5b, 5e, 5h). In fig.5, we show the experimen-
tally measured variation of orthorhombicity parameter
[defined as δ = (a − b)/(a + b))] of Ba122 systems with
K, Na as well as P doping concentration (1st row). Esti-
mated orbital order as a function of doping concentration
around X, Y and Γ points for the same three systems
are also presented in fig. 5b, 5e, 5h. We also display
the normalized orthorhombicity parameter as well as or-
bital order for the same three systems as a function of
doping concentration in fig. 5c, 5f, 5i to visualize the
universal mapping of structural transition to the orbital
ordering. One can easily see from those figures (fig. 5c,
5f, 5i) that orbital order and orthorhombicity parame-
ter quantitatively follow identical behaviour with doping
concentration for all the studied 122 systems (K, Na and
P doped Ba122). Therefore, through Figures 4, 5 we
show that the structural parameters like two inequiva-
lent Fe-Fe distances of the low temperature orthorhombic
phase is mapped to the electron band energy and the or-
thorhombicity parameter which characterizes structural
transition of a compound is mapped to ‘orbital order’ for
three different types of doped 122 materials hole, electron
and iso-electronic ones. The same mapping will now be
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(3rd row) as a function of doping for (a, b, c) K doped (d, e,
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FIG. 6: (Colour online) Calculated band structures of un-
doped BaFe2As2 around Γ (1st row), X (2nd row) and Y (3rd
row) points for (a, b, c) T = 50 K (d, e, f) T = 100 K and
(g, h, i) T = 145 K. Fermi level is denoted by the horizontal
black line at zero energy. Orbital orders around all these high
symmetry points are calculated.
demonstrated as far as temperature variations are con-
cerned through figures 6,7,8,9.
We further extend our studies in case of temperature
dependent structural transitions for undoped as well as
K-doped Ba122 systems to prove the universal mapping
of orbital order to orthorhombicity parameter as far as
there thermal variations are concerned. We calculate the
band structures of undoped as well as K-doped Ba122
systems (10% and 20% K doping) using temperature and
doping dependent experimentally determined structural
parameters [a(x, T ), b(x, T ), c(x, T ) and zAs(x, T )]. Cal-
culated band structures around X, Y, Γ points at various
temperatures for undoped and 20% K doped Ba122 sys-
tems are presented in fig.6 and fig.7 respectively. We
follow the same procedure of calculating temperature de-
pendent two inequivalent Fe-Fe distances and orbital or-
der as earlier in case of doping dependent studies above.
Unlike doping dependent band structures, temperature
dependent band structures show weak modification with
temperature near the FL. But a more closer look to the
band structures for various temperatures, reveals some
important informations about structural transition and
its link to electronic structures (see for example, visible
modifications at around X and Y points in figures 6, 7 (b-
i)). Here also we calculate the sum of band energies Edxz
and Edyz around X, Y, Γ points at each temperature
and compare these values with temperature dependent
experimentally measured Fe-Fe bond lengths. In fig.8,
experimentally measured temperature dependent Fe-Fe
bond lengths taken from ref [48] are presented in column
6FIG. 7: (Colour online) Calculated band structures of
Ba0.8K0.2Fe2As2 within VCA around Γ (1st row), X (2nd
row) and Y (3rd row) points for (a, b, c) at T = 20 K, (d,
e, f) at T = 50 K and (g, h, i) at T = 100 K respectively.
Fermi level is denoted by the horizontal black line at zero en-
ergy. Orbital orders around all these high symmetry points
are calculated, see text.
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function of temperature for undoped BaFe2As2 (1st row), 10%
(2nd row) and 20% (3rd row) K doped BaFe2As2 respectively.
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FIG. 9: (Colour online) (a, b, c) (Column wise) Experimental
orthorhombicity parameter, calculated orbital orders around
high symmetry Γ, X, Y points and normalized orthorhombic-
ity parameter as well as orbital order (as defined in the text)
as a function of temperature for undoped BaFe2As2 respec-
tively. (d, e, f) Experimental orthorhombicity parameter, cal-
culated orbital orders around Γ, X, Y points and normalized
orthorhombicity parameter as well as orbital order (as defined
in the text) as a function of temperature for 5% Ru doped
BaFe2As2 system respectively. (g, h, i) Experimental or-
thorhombicity parameter (including 30% K doped BaFe2As2
in the top figure (g)), calculated orbital orders around Γ, X,
Y points and normalized orthorhombicity parameter as well
as orbital order (as defined in the text) as a function of tem-
perature for 10%, 20% K doped BaFe2As2 respectively.
one for undoped as well as 10% and 20% K doped Ba122
systems. In the second column of fig. 8, temperature
variation of band energies (Edxz and Edyz) are presented
for the same three systems. Temperature dependence of
band energies follow the same experimentally observed
thermal behaviour of two Fe-Fe distances. This should
also be contrasted with Fig.4 where doping dependent Fe-
Fe distances are also followed by the band energies. This
is an example of universal correlation of experimental
structural parameters with electronic structure. We also
calculate the orbital orders around X, Y, Γ points as a
function of temperature for these systems and present in
fig.9b, 9e and 9h respectively. Experimentally observed
orthorhombicity parameter as a function of temperature
is also depicted in fig.9a, 9d, 9g for these systems. We
also show in fig.9c, 9f, 9i, that normalized orbital order
maps with the normalized orthorhombicity parameter as
a function of temperature. Thus, it is very clear that
the structural transition in 122 Fe-based SC is due to
the orbital ordering between dxz, dyz bands and thus
electronic in origin. Our studies so far also suggest that
the electronic structure is highly sensitive to structural
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(electron doping), (c) 50% K doped (hole doping) and (d)
37% P doped (iso-electronic doping) BaFe2As2 respectively.
To compare the shift of chemical potential µ due to doping,
density of states of the undoped 122 is also depicted with a
solid red line. Vertical dashed line at 0 eV indicate the Fermi
level.
parameters and there are universal correlations between
structural parameters to the electronic structure in these
classes of superconductors as evident from the fact that
two band energies (Edxz and Edyz ) follow the same tem-
perature as well as doping dependence as that of the two
Fe-Fe bond lengths.
In order to find some universal correlation among other
structural parameters and electronic structures, we fur-
ther investigate various doped Ba122 systems in the
orthorhombic and tetragonal phases. First, we calcu-
late the density of states for different doping concentra-
tions for undoped and various doped Ba122 systems like
Ba1−xKxFe2As2, Ba1−xNaxFe2As2, BaFe2−xCoxAs2,
BaFe2−xRuxAs2 and BaFe2(As1−xPx)2. In fig.10, we de-
pict the calculated density of states of undoped, 10% Co
doped, 50% K doped and 32% P doped Ba122 systems
near the FL. In fig.10b, 10c, 10d, we also exhibit the
density of states of the undoped system with the doped
one for comparison. We precisely choose to present the
density of states of the doped Ba122 compounds with
optimal doping concentrations at which these materials
have the highest Tc. It is evident from fig.10, that the
chemical potential (Fermi level) shifts in the opposite di-
rections in case of hole and electron doping as expected.
From this figure it also turns out that the case of iso-
electronic P doping is very similar to the case of electron
doping. Up to 25% doping although it is not very clear
whether Ru doping correspond to hole or electronic dop-
ing, at higher doping (not shown here) it behaves like hole
doping. Main purpose of this figure is to provide guide-
lines to the readers regarding the possible behaviour of
the DOS presented in the third rows of the figures11 and
12. In fig.11 and fig.12, we display the experimentally
measured various structural parameters (taken from ref-
erences [9, 37, 48–50, 52]) and theoretically computed
electronic structures as a function of doping for a num-
ber of doped Ba122 materials in the orthorhombic and
tetragonal phases. In the first and second rows of fig.11,
we exhibit the experimental variation of zAs as well as Fe-
As bond lengths with doping concentration respectively
for K, Na, P doped Ba122 materials. In fig.11 c, g, k (3rd
row), calculated density of states at the FL (N(EF )) for
these compounds are presented as a function of doping
concentration.
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FIG. 11: (Colour online) Experimentally determined zAs (1st
row), Fe-As bond lengths (2nd row), calculated DOS of Fe
atoms at the Fermi level (3rd row) and experimental in-plane
as well as out of plane As-As distances (4th row) as a function
of doping concentration for (a-d) K (e-h) Na and (i-l) P doped
BaFe2As2 respectively.
In the last row, we exhibit the experimentally esti-
mated in-plane and out of plane As-As distances as a
function of doping concentration for these three systems.
Although in all the above three systems, doping is not
at the Fe site, there are significant variation of struc-
tural parameters with doping concentration. However,
we also consider the case of active site doping i.e., Co
and Ru doping at the Fe site. In fig.12, we present the
variation of experimental zAs as well as experimental Fe-
As bond length with doping concentration for Co, Ru
doped Ba122 in 1st and 2nd rows respectively. Calcu-
lated density of states at the FL (N(EF )) for these two
systems as a function of doping concentration are exhib-
ited in the 3rd row of fig.12. In the last row of fig.12, we
depict the variation of in plane as well as out of plane
As-As distances with doping concentration for Co and
82.412
2.418
2.424
2.43
2.38
2.39
2.4
2.41
2.42
2.2
2.3
2.4
2.5
2.6
0.5
1
1.5
2
2.5
0 0.08 0.16 0.24
3.72
3.78
3.84
3.9
3.96
0 0.5 1 1.5 2
3.2
3.4
3.6
3.8
4
4.2
0.3564
0.357
0.3576
0.3592
0.3596
0.36
z A
s
Fe
-A
s 
bo
nd
 le
ng
th
 (

)
N
(E
F
) 
(e
le
ct
ro
n
s
eV
)
A
s-
A
s 
d
is
ta
n
ce
 (

)
x in BaFe
2-x
o
x
As
2
x in SrFe
2-x

x
As
2
Expt
Theory Theory
Expt Expt
Expt Expt
Expt
FIG. 12: (Colour online) Experimentally determined zAs (1st
row), Fe-As bond length (2nd row), theoretically calculated
DOS of Fe atoms at the Fermi level (3rd row) and experimen-
tal in-plane as well as out of plane As-As distances (4th row)
as a function of doping concentration for Co (1st column) and
Ru (2nd column) doped BaFe2As2 respectively.
Ru doped Ba122 systems. From fig.11 and fig.12, we ob-
serve that, there are diversities and universalities in the
behaviour of structural parameters as well as electronic
structure with doping concentration. In case of hole dop-
ing (K and Na doped Ba122 systems), density of states
at the FL inversely follow the variation of Fe-As bond
length with doping. On the contrary, density of states at
the FL follow the same behaviour as that of the Fe-As
bond length with doping for the case of electron doped
(Co doped) Ba122 system. Moreover, the case of iso-
electronic P doping in As site is very similar to the case
of electron doping as evident from the doping dependent
behaviour of experimental zAs, Fe-As bond length as well
as calculated density of states at the FL. Although the
case of iso-electronic Ru doping at Fe site is similar to
the hole doping scenario where density of states at the
FL follow the same doping variation as that of the Fe-As
bond length; there is in general an universal link between
the variation of density of states at the FL with that of
the experimental zAs with doping and it turns out that
zAs is inversely (directly) proportional to Fe-As bond dis-
tances (with exceptions of K doped BaFe2As2) for hole
(electron) doped materials as a function of doping.
Now we shed more light into the universality and diver-
sities in the behaviour of electronic structure and struc-
tural parameters of 122 Fe based compounds. In plane
and out of plane As-As distances also play very impor-
tant and crucial role in controlling the electronic struc-
tures. First, we study the case of out of plane substitu-
tion i.e., K and Na doping at Ba site. Size of the Ba atom
(2.22A˚) [atomic radius in metalic bonding] is larger than
Na atom (1.86A˚) but smaller than K atom (2.27A˚). Be-
cause of this reason, with the substitution of K atom in
place of Ba atom, out of plane As-As distance increases
and exactly opposite behaviour in the out of plane As-As
distance is observed in the case of Na substitution in Ba
site. It should also be noted that the c-axis increases with
the increasing doping concentration for both Na and K
doping (in case of Na doped Ba122 materials c-axis in-
creases with doping up to certain doping concentration
and after that it decreases). This qualitatively explains
the observed behaviour of zAs with doping for K and
Na doped Ba122 systems. On the other hand, in both
the hole doped cases, in plane As-As distance decreases
with increasing doping concentration following the dop-
ing variation of Fe-As bond length. Next we investigate
the case of in plane substitutions (Co/Ru substitution at
Fe site and P substitution at As site). Size of Fe atom
(1.26A˚) is smaller than Ru atom (1.34A˚) but larger than
Co atom (1.25A˚). Therefore, Fe-As bond length decreases
with Co doping but increases with doping in case of Ru
substitution in place of Fe. This is consistent with the
behaviour of in-plane as well as out of plane As-As dis-
tances as a function of doping. Since the size of P atom
(1A˚) is smaller than As atom (1.15A˚), Fe-As bond length
decreases with increasing doping concentration just like
the case of Co doped (electron doped) system. These
are also consistent with the doping dependent variation
of out of plane As-As distance (in all the cases of in
plane substitution c-axis decreases with increasing dop-
ing concentration). Moreover, in plane As-As distance
in all these cases (in plane substitution) follow the same
doping dependencies as that of the Fe-As bond length.
Thus all these structural parameters are crucially con-
trolling the electronic structures near the FL of the 122
compounds and follow universal characteristics features.
A shuttle dependence of chemical size, atomic number
of the host/substituent, in-plane or out of plane nature
of substitution determines “aggregate electronic motion”
which is thus detrimental of electronic structure, band
structure and FS. This governs various electronic proper-
ties of 122 Fe-based materials like topological transition,
magneto-structural transition, nematicity and possibly
superconductivity [28, 53, 54]
IV. CONCLUSION
A detailed first principles electronic structure calcula-
tion on a number of doped 122 family of Fe-based SCs are
presented. Experimentally Rietveld refined structural
parameters like lattice parameters (a, b, c) together with
zAs as a function of doping as well as temperature are
used as fixed inputs in our calculations. Various kinds of
dopings like; electron doping, hole doping, iso-electronic
9doping are considered (within VCA) in this study. Elec-
tronic band structure which essentially represent an ag-
gregate electronic motion (band motion) carries the “fin-
ger prints” of any structural or magnetic modifications
with temperature or doping. This physical aspect is
used to calculate orbital ordering and various correlations
of intrinsic structural parameters to electronic structure
(e.g, two Fe-Fe distances maps with Edxz , Edyz band en-
ergies, Fe-As or zAs, As-As distances etc. to N(EF )).
Shuttle interplay of structural parameters with electronic
structure is employed to explain as to why iso-electronic
doping P in place of As and Ru in place of Fe corre-
sponds to electron and hole dopings respectively. It has
been shown very rigorously and quantitatively for a num-
ber of Fe-based SCs that the orbital ordering between
the dxz, dyz orbitals is the origin of structural transition.
The calculated orbital ordering from electronic structure
calculations when normalized its variation with tempera-
ture as well as doping identically follows (quantitatively)
with that of the experimental orthorhombicity parame-
ter. This conclusively proves that the structural transi-
tion in 122 family of Fe-based SCs is not lattice driven
but electronic one. Therefore, our work supports the elec-
tronic origin of the nematic phase observed in 122 family
of Fe-based materials. An universal correlation among
the structural parameters and the electronic structure is
described in this work.
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